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Abstract:	Nanostructured	metals	subject	to	local	optical	interrogation	can	generate	
open‐circuit	 photovoltages	 potentially	 useful	 for	 energy	 conversion	 and	
photodetection.	We	report	a	study	of	the	photovoltage	as	a	function	of	illumination	
position	 in	 single	 metal	 Au	 nanowires	 and	 nanowires	 with	 nanogaps	 formed	 by	
electromigration.	 We	 use	 a	 laser	 scanning	 microscope	 to	 locally	 heat	 the	 metal	
nanostructures	via	excitation	of	a	local	plasmon	resonance	and	direct	absorption.	In	
nanowires	 without	 nanogaps,	 where	 charge	 transport	 is	 diffusive,	 we	 observe	
voltage	 distributions	 consistent	 with	 thermoelectricity,	 with	 the	 local	 Seebeck	
coefficient	 depending	 on	 the	 width	 of	 the	 nanowire.	 	 In	 the	 nanowires	 with	
nanogaps,	where	charge	transport	 is	by	tunneling,	we	observe	large	photovoltages	
up	to	tens	of	mV,	with	magnitude,	polarization	dependence,	and	spatial	localization	
that	follow	the	plasmon	resonance	in	the	nanogap.	This	is	consistent	with	a	model	of	
photocurrent	 across	 the	 nanogap	 carried	 by	 the	 nonequilibrium,	 "hot"	 carriers	
generated	upon	the	plasmon	excitation.	
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In	the	Seebeck	effect,	a	diffusive	conductor	subject	to	a	temperature	gradient	
develops	an	open‐circuit	potential	difference	along	its	length,	to	counter	the	thermal	
diffusion	of	carriers.1	When	the	temperature	gradient	is	driven	by	optical	excitation,	
this	 thermoelectric	 effect	may	be	 leveraged	 for	 photodetection.2,3	Advances	 in	 the	
development	 of	 nanostructured	 materials	 have	 created	 new	 opportunities	 to	
improve	 thermoelectric	 response.4,5	 In	 thin	 metal	 films	 and	 nanowires,	 the	
proximity	of	 the	 surfaces	 is	detrimental	 to	 thermoelectricity,	 as	 surface	 scattering	
reduces	 electron	 and	 phonon	 mean	 free	 path,	 which	 lowers	 both	 electronic	 and	
“phonon	 drag”	 contributions	 to	 the	 Seebeck	 coefficient.6–9	 This	 sensitivity	 to	
boundary	 scattering	makes	 it	 possible	 to	 create	 single‐material	 thermocouples	 by	
controlling	its	geometry	on	the	length	scale	of	a	few	times	the	electronic	mean	free	
path.10,11	The	thermoelectric	power	of	metals	can	also	be	modified	by	the	creation	of	
the	 atomic‐scale	 junctions	 for	which	 the	 Seebeck	 coefficient	 is	 determined	 by	 the	
energy	 dependence	 of	 the	 transmission	 properties	 of	 the	 junction.12,13	 Single‐
molecule	 junctions	 have	 been	 intensely	 studied	 recently	 following	 proposals	 for	
enhanced	 thermoelectric	 properties	 due	 to	 quantum	 interference	 effects,14–18	
though	 simple	 tunneling	 junctions	 are	 not	 expected	 to	 show	 particularly	 large	
Seebeck	response.19,20	
The	 conventional	 treatment	of	 thermoelectric	 effects	assumes	 that	electron	
and	lattice	temperatures	are	the	same;	however	this	may	not	be	the	case	in	optically	
driven	systems	where	 light	can	generate	short‐lived,	high	energy	carriers.21–25	Hot	
electrons	 generated	 in	 plasmonic	 nanostructures	 were	 demonstrated	 to	 create	
additional	photocurrent	 in	molecular	and	tunnel	 junctions.26–28	The	effects	of	non‐
thermal	 electronic	 distributions	 on	 thermoelectric	 properties	 in	 plasmonic	 metal	
nanostructures	have	been	predicted	theoretically,29	but	only	received	experimental	
attention	in	the	context	of	photothermoelectric	(PTE)	properties	of	graphene	based	
photodetectors.30,31	 The	 connecting	 electrodes	 in	 photodetectors	 and	 other	
nanoscale	devices	are	typically	treated	in	a	bulk‐like	manner	without	considering	a	
possibility	 of	 the	 nanoscale	 variation	 of	 the	 Seebeck	 coefficient	 and	 the	 effects	 of	
non‐thermal	electronic	distributions.10,11,29,32		
With	 the	 advent	 of	 nanostructuring	 to	modify	 thermoelectric	 response	 and	
plasmonic	nanostructures	to	enhance	hot	electron	effects,	a	systematic	examination	
of	 locally	heated	metal	nanostructures	 is	key	 to	understanding	 the	physics	behind	
the	resulting	photovoltages.		Here	we	use	a	laser	scanning	microscope	to	heat	metal	
nanostructures	locally	via	direct	absorption	and,	in	nanogap	devices,	excitation	of	a	
highly	localized	multipolar	plasmon	modes	present	in	the	nanogap.33	
We	 report	a	 study	of	 the	photovoltage	generated	 in	 thin	gold	nanowires	at	
substrate	 temperatures	 between	 5	 K	 and	 room	 temperature	 as	 a	 function	 of	
illumination	 position.	 The	 voltage	 generated	 in	 short,	 unbroken	 nanowires	 is	
consistent	with	 the	PTE	behavior	observed	 in	 single	metal	 thermocouples.10,11	We	
also	 study	 the	 photoresponse	 of	 the	 nanowires	 containing	 a	 plasmonically	 active	
nanogap	 formed	 by	 electromigration.	 In	 these	 tunneling	 devices,	 we	 routinely	
observe	 photovoltages	 of	 tens	 of	 mV,	 which	 constitutes	 a	 large	 enhancement	
compared	 to	 the	 values	 expected	 in	 these	 nanostructures	 under	 the	 temperature	
gradient	imposed	by	ordinary	heating.	We	discuss	several	possible	explanations	for	
the	observed	behavior,	emphasizing	the	role	of	hot	electrons	in	the	enhancement	of	
the	 photovoltage	 in	 devices	 with	 tunneling	 nanogaps.	 Our	 results	 demonstrate	
unexplored	 opportunities	 for	 enhancing	 the	 thermoelectric	 properties	 of	 metal	
nanostructures	and	the	performance	of	plasmonic	photodetectors.	
A	typical	unbroken	bowtie	device	consists	of	the	nanowire	contacted	by	wide	
fan‐out	electrodes	of	the	same	metal,	Figure	1a.	The	majority	of	the	results	reported	
here	are	 for	devices	made	of	14	nm	thick	gold	with	1	nm	titanium	adhesion	 layer	
fabricated	 on	 thermally	 oxidized	 silicon	wafers.	 For	 control	 experiments,	 we	 also	
studied	devices	 fabricated	without	 the	Ti	adhesion	 layer,	devices	using	AuPd	alloy	
or	Ni	instead	of	Au,	and	devices	fabricated	on	sapphire	substrates.	As	the	laser	beam	
is	raster	scanned	across	the	bowtie	device,	it	acts	as	a	heat	source	and	locally	raises	
the	 temperature	 of	 the	 metal	 film,	 which	 creates	 an	 open	 circuit	 thermoelectric	
voltage	 measured	 by	 the	 lock‐in	 amplifier,	 Figure	 1b.	 The	 PTE	 voltage	 map	 is	
antisymmetric	with	 respect	 to	 the	 center	 of	 the	 device,	with	maxima	 and	minima	
located	 in	 the	 connecting	 fan‐out	 electrodes	 close	 to	 the	 ends	 of	 the	 nanowire,	
Figure	 1c.	 Qualitatively	 similar	 results	 are	 obtained	 for	 substrates	 at	 base	
temperature	of	5	K,	Figure	1d.	The	laser	power	dependence	of	the	signal	is	linear	at	
room	 temperature,	 Figure	 1e,	 but	 slightly	 deviates	 from	 linearity	 at	 low	
temperature,	Figure	S2.	Longitudinally	polarized	light	(polarization	angle	is	denoted	
as	 0°)	 eliminates	 the	 contribution	 of	 the	 transverse	 plasmonic	 heating	 in	 the	
nanowire	 and	 leaves	only	 the	heating	 contribution	 from	direct	optical	 absorption.	
The	 resulting	 PTE	 voltage	 is	 similarly	 reduced,	 as	 seen	 in	 Figure	 1f.	 A	 smaller	
magnitude	 of	 the	 PTE	 voltage	 is	 also	 observed	 in	 devices	 fabricated	 on	 sapphire	
substrate,	Figure	S3.	The	improved	thermal	dissipation	through	the	substrate	leads	
to	 a	 reduced	 optically	 driven	 temperature	 increase,34	 which	 further	 confirms	 the	
thermal	origin	of	the	induced	voltages.		
	
Figure	1.	 Photothermoelectric	 (PTE)	 voltage	maps	of	 short	Au/Ti	 bowtie	devices.	
(a)	 Scanning	 electron	 microscope	 (SEM)	 image	 of	 a	 typical	 bowtie	 device	 before	
electromigration.	The	width	of	the	nanowire	was	kept	close	to	130	nm,	which	allows	
for	 the	excitation	of	 a	 transverse	plasmon	resonance	with	785	nm	 laser	polarized	
perpendicular	 to	 the	 long	 direction	 of	 the	 nanowire.	 (b)	 Schematics	 of	 the	
experimental	setup	with	details	provided	in	the	Methods	section.		(c)	Spatial	map	of	
photothermally	generated	voltage	in	Au/Ti	nanowire	at	substrate	temperature	of	5	
K.	The	map	 is	 superimposed	with	a	 false	colored	SEM	 image	of	 the	bowtie	device.	
(d)	PTE	voltage	map	for	a	different	device	measured	at	substrate	temperature	of	5	
K.	Dashed	line	defines	the	bowtie	contours.	(e)	Laser	power	dependence	of	the	PTE	
voltage	 recorded	 in	 the	 location	 of	 the	 maximum	 of	 the	 PTE	 voltage	 map.	 Data	
acquired	at	room	temperature.	(f)	Voltage	along	the	vertical	centerline	of	the	device	
from	(d)	for	the	polarization	perpendicular	(filled	circles,	90°)	and	parallel	(empty	
circles,	0°)	to	the	nanowire.	For	panels	(c),	(d),	and	(f)	voltage	is	reported	in	units	of	
μV	per	mW	of	laser	power	on	the	sample.	The	bottom	electrode	is	connected	to	the	‐
B	input	of	the	voltage	amplifier.	Scale	bar	in	(c),	(d)	is	1	μm.	
	
	 Using	 a	 bolometric	 approach	 and	 computational	 modeling,	 we	 have	
previously	 inferred	 the	 temperature	 rise	 of	 the	 nanowires	 due	 to	 the	 plasmon	
resonance	excitation	in	similar	experimental	conditions.34,35	The	voltages	generated	
at	room	temperature,	Figure	1c,	and	at	5	K,	Figure	1d,	are	comparable	in	magnitude.	
This	coincidental	result	stems	from	the	fact	that	PTE	voltage	is	proportional	to	the	
product	 of	 the	 Seebeck	 coefficient	 and	 local	 temperature	 increase.	 At	 room	
temperature,	the	small	temperature	increase,	ΔT~10	K,	is	multiplied	by	a	relatively	
large	room	temperature	value	of	the	Seebeck	coefficient	for	gold,	SAu	~1.5	μV/K.	At	
low	temperature,	the	decreased	SAu	is	compensated	by	a	significantly	larger	ΔT~140	
K	 at	 similar	 laser	 power	 level.	 The	magnitude	 and	 spatial	 distribution	 of	 the	 PTE	
voltages	 in	 short	 nanowires	 are	 consistent	with	 the	 spatial	 variability	 of	 Seebeck	
coefficient	determined	by	 the	width	of	 the	device;	 see	Supplementary	 Information	
(SI)	for	details	of	the	estimate	calculated	using	COMSOL	Multiphysics.	
The	amplitude	and	sign	of	the	closed	circuit	photocurrent	generated	due	the	
PTE	voltage	present	in	the	device	is	consistent	with	the	voltage	maps	acquired	in	a	
pair	of	sequential	scans	Figure	2a,d.	Deliberate	formation	of	a	nanoscale	constriction	
in	the	nanowire	by	the	onset	of	the	electromigration	leads	to	a	mild	increase	in	the	
magnitude	of	the	PTE	voltage,	Figure	2b,e.	In	this	particular	device,	the	constriction	
is	 formed	 closer	 to	 the	 bottom	 electrode,	 breaking	 the	 symmetry	 for	 thermal	
dissipation	 in	 the	nanostructure,	 Figure	 S4.	 The	 local	 temperature	 increase	 in	 the	
nanowire	 in	 now	 larger	 and	 is	 not	 symmetric	 around	 the	 break	 point	 due	 to	 the	
reduced	thermal	conductance	through	the	constriction,	which	 leads	to	a	change	 in	
the	PTE	voltage	map,	Figure	2b,e.	When	the	device	resistance	 is	 increased	beyond	
that	 of	 quantum	 of	 resistance,	 h/2e2	 ≈12.9	 kthe	 nanogap	 is	 formed	 and	 the	
magnitude	 of	 the	 photovoltage	 is	 substantially	 increased,	 Figure	 2c.	 The	 closed	
circuit	photocurrent	continues	to	mirror	the	photovoltage	map	for	the	devices	with	
a	nanogap,	Figure	2f.	
	
	
Figure	2.	 PTE	 voltage	maps	 (top	 row)	 and	 the	 corresponding	 PTE	 current	maps	
(bottom	row)	for	the	Au/Ti	device	recorded	during	the	formation	of	the	nanogap	by	
electromigration.	Data	were	acquired	at	 substrate	 temperature	of	293K	and	1mW	
incident	laser	power.	The	scale	bar	is	1	μm.		
	
Electromigration	 of	 the	 nanowires	 at	 low	 temperatures	 improves	 device	
stability	 at	 intermediate	 resistance	 values.	 The	 trend	 of	 modest	 increase	 in	 the	
magnitude	of	 the	PTE	voltage	after	 the	constriction	 formation	was	observed	 in	all	
devices	studied	and	usually	saturates	by	the	time	device	resistance	reaches	~1	k.	
Evolution	 of	 the	 PTE	 voltage	 map,	 for	 another	 device	 as	 it	 is	 electromigrated	 at	
substrate	 temperature	 of	 5	 K,	 is	 shown	 in	 Figure	3.	 Before	 the	 formation	 of	 the	
nanogap,	the	PTE	voltage	of	this	wire	remains	small	and	the	spatial	distribution	of	
the	 PTE	 voltage	 does	 not	 change	 as	 device	 resistance	 is	 increased,	 as	 the	
constriction	forms	closer	to	the	center	of	this	particular	nanowire.		
After	 the	 tunneling	nanogap	 is	 formed,	 the	data	make	clear	 that	a	different	
physical	 mechanism	 is	 at	 work,	 rather	 than	 diffusive	 Seebeck	 response.	 The	
photovoltage	 is	 further	 increased	 by	 ~20×,	 Figure	 3d.	 The	 positions	 of	 voltage	
minimum	and	maximum	are	now	 located	closer	 to	 the	nanogap	rather	 then	at	 the	
ends	of	the	nanowire,	without	a	resolvable	zero	voltage	region	between	them.	The	
voltage	maps	can	vary	from	scan	to	scan	not	only	by	spatial	distribution	of	voltage	
sign,	but	also	by	magnitude,	Figure	3e,	demonstrating	additional	~30×	 increase	 in	
observed	 signal	 for	 this	 particular	 device.	 	 This	 temporal	 variation,	worse	 at	 high	
substrate	 temperatures	 and	 high	 incident	 optical	 powers,	 shows	 that	 the	
mechanism	 responsible	 for	 photovoltages	 in	 tunneling	 nanogaps	 depends	 on	
atomic‐scale	details	of	the	gap	region.	In	total,	with	a	nanogap	we	observe	a	~1000×	
photovoltage	 enhancement	 compared	 to	 the	 initial	 PTE	 voltage	 in	 the	 diffusive	
devices	with	no	nanogap.	The	enhanced	open	circuit	photovoltage	remains	present	
after	 the	 device	 is	 warmed	 to	 room	 temperature,	 Figure	 3f.	 The	 device‐to‐device	
variation	 is	 large	 after	 the	 nanogap	 formation,	 but	 photovoltages	 on	 the	 order	 of	
tens	of	mV	are	routinely	observed	both	at	low	and	room	temperature	experiments	
regardless	 of	 the	 presence	 of	 the	Ti	 adhesion	 layer,	 Figure	 S5,	 S6.	 Figure	3	 shows	
performance	of	a	typical	device.		
	
	
Figure	 3.	 Evolution	 of	 the	 photovoltage	 map	 as	 a	 Ti‐free	 Au	 device	 is	
electromigrated	to	form	a	nanogap.		Panels	(a)‐(e)	are	at	a	substrate	temperature	of	
5	 K.	 	 (a)	 Initial	 device	 resistance	 is	 61	 .	 (b)	 The	 same	 device	 after	 some	
electromigration	 to	 a	 higher	 resistance	 constriction.	 Positive	 PTE	 voltage	 is	
increased	~2×,	but	the	negative	side	remains	approximately	of	the	same	magnitude.	
(c)	The	junction	is	further	migrated	to	1	k.	This	asymmetry	in	the	PTE	voltage	map	
remains	 and	 is	 the	 consequence	 of	 the	 electromigration	 creating	 the	 constriction	
closer	to	the	grounded	fan‐out	electrode	(in	this	case	lower	side	of	the	junction).	(d)	
The	 junction	 after	 nanogap	 formation	with	 a	measured	 resistance	 of	 0.3	M.	 (e)	
Further	enhancement	of	 the	photovoltage	after	 several	 scans.	 (f)	The	 same	device	
after	warm	up	to	room	temperature	at	laser	power	of	1	mW.	Units	for	all	panels	are	
in	μV	per	mW	of	laser	power	on	the	sample.		Scale	bars	are	1	μm.	
	
The	 “hot	 spot”	 in	 the	 photovoltage	 maps	 after	 nanogap	 formation	 is	
extremely	localized.	The	sign	of	the	voltage	can	vary	between	adjacent	pixels	even	
though	 the	 spatial	 separation	 between	 the	 pixels	 is	 only	 0.3	 μm,	 which	 is	 much	
smaller	 than	 the	 laser	 spot	 size.	 	 As	 mentioned,	 the	 exact	 spatial	 distribution	 of	
photovoltages	is	typically	not	reproducible	between	consecutive	laser	scans	at	high	
laser	 power	 (10	 mW),	 but	 is	 more	 stable	 at	 lower	 laser	 power	 levels	 (1	 mW	 or	
lower),	 Figure	 4a.	 The	 increased	 device	 stability	 allows	 recording	 polarization	
dependence	of	 the	photovoltage,	which	displays	a	dipole	character	with	maximum	
response	 at	 a	 polarization	 that	 coincides	 with	 the	 transverse	 plasmon	 excitation,	
Figure	4b.		 	
	
	 	
Figure	4.	Improved	stability	and	polarization	dependence	of	enhanced	photovoltage	
at	low	laser	power	for	the	device	demonstrated	in	Figure	3.	(a)	Photovoltage	map	at	
1	mW	 incident	 laser	 power	 recorded	 at	 substrate	 temperature	 of	 5	 K.	
(b)	Polarization	dependence	 of	 the	 photovoltage	 recorded	 in	 the	maximum	of	 (a).	
Units	 are	 in	 mV	 per	 mW	 of	 laser	 power	 on	 the	 sample	 for	 (b).	 Polarization	
dependence	does	not	perfectly	retrace	to	the	initial	value	at	the	end	of	the	scan	due	
to	temporal	drift	in	sample	position	during	the	measurement.	
	
The	 PTE	 voltage	 in	 devices	 without	 the	 nanogap	 is	 produced	 by	 the	
conventional	thermoelectric	effect	in	metal	films.	Localized	heating	creates	an	area	
of	 the	 nanostructure	with	 a	 slightly	 higher	 steady	 state	 electronic	 temperature.	 A	
potential	difference	then	develops	across	the	device	to	counter	the	migration	of	the	
high‐energy	 carriers	 to	 the	 cold	 section	 because	 there	 cannot	 be	 net	 electrical	
current	in	the	open	circuit	configuration.	The	shape	of	the	Fermi	energy	surface	and	
details	of	the	electron	diffusion	through	metal	film	determine	the	magnitude	of	the	
thermoelectric	effect	in	this	case.			
For	 the	plasmonic	nanowires	with	 the	nanogap,	we	argue	 that	 the	origin	of	
the	photovoltage	is	also	caused	by	the	difference	in	the	electron	energy	distribution	
in	the	two	sides	of	 the	device,	and	the	development	of	an	open‐circuit	potential	 to	
null	out	net	current.		Transport	in	this	case,	however,	is	through	tunneling,	and	it	is	
the	deviation	of	the	distributions	from	the	thermal	form	due	to	the	photoexcitation	
of	high‐energy	carriers	that	is	key.	Following	the	model	developed	in	Ref.	36,	we	use	
the	Landauer	theory	expression	to	define	the	current	across	the	nanogap	
ܫ௣ ൌ ଶ௘௛ ׬ ݀ߝ
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ିஶ ሾ ଵ݂ሺߝሻ െ ଶ݂ሺߝሻሿ࣮ሺߝሻ,	
where	e	is	electron	charge,	 ௝݂ሺߝሻ	ሺ݆ ൌ 1,2ሻ	is	 the	electron	distribution	in	electrode	 j	
and	࣮ሺߝሻ	is	 the	 transmission	 function	 at	 electron	 energy	ߝ.	 Assuming	 that	 the	
electrode	1	is	predominantly	illuminated,	we	can	write	 ଵ݂ሺߝ, ݐሻ െ ଶ݂ሺߝሻ ൌ ௘݂௤ሺଵሻሺߝ, ݐሻ െ
௘݂௤
ሺଶሻሺߝሻ ൅ ௣݂ሺଵሻሺߝ, ݐሻ,	 where	 the	 difference	 ௘݂௤ሺଵሻሺߝ, ݐሻ െ ௘݂௤ሺଶሻሺߝሻ	corresponds	 to	 the	
difference	 in	 equilibrium	 electronic	 temperatures	 of	 electrodes	 and	 accounts	 for	
conventional	 thermoelectric	 effects,	 ௣݂ሺଵሻሺߝ, ݐሻ	is	 the	 non‐equilibrium	 component	
induced	 by	 light	 absorption.	 In	 our	 case	 of	 CW	 illumination,	 the	 photo‐induced	
current	could	be	written	as	
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where	 ሶܰூ 	is	 the	 number	 of	 electrons	 per	 second	 per	 atom,	ܮሺ ூ݂ሻ	is	 the	 absorption	
lineshape	at	incident	frequency,	߬௘ሺߝሻ	excess	distribution	relaxation	time,	ߩሺߝሻ	is	the	
density	of	states	per	atom,	and	ߚ௘ ൌ ሺ݇஻ܶሻିଵ.	In	the	open	circuit	configuration,	the	
voltage	 ௣ܸ	needed	to	nullify	the	“hot”	electron	current	component	is	then	set	by		
ܫ௣ ൌ െሺ2݁
ଶ
݄ ሻ࣮ሺߝ ൌ 0ሻ ௣ܸ	
Beside	 material	 specific	 parameters,	 the	 details	 of	 the	 transmission	 through	 the	
nanogap	 will	 determine	 the	 magnitude	 of	 the	ܫ௣	and	 ultimately	 the	 observed	
photovoltage,	 ௣ܸ.		
The	 tunneling	 in	 the	 nanogaps	 is	 likely	 to	 be	 mediated	 by	 adsorbates	 of	
unknown	origin	present	in	the	gap,	Fig.	S9.	The	simplest	model	of	the	junction	with	
transmission	 dominated	 by	 a	 single	 conduction	 resonance	࣮ሺߝሻ ൌ ୻మ ሾሺఌିఌబሻమା୻మሿ⁄ ,	
where	ߝ଴	is	 the	 resonance	 energy	 and	Γ	is	 the	 electrode	 coupling,	 allows	ܫ௣	to	 be	
estimated	 provided	ߝ଴	and	Γ	are	 known.	 The	 latter	 could	 be	 estimated	 from	 the	
nanogap	resistance	without	laser	illumination.	As	a	typical	example,	we	consider	a	
10MΩ	 device	 and	 typical	 values	 for	 electrode	 coupling	Γ~0.1	we	 estimate	 the	
resonance	energy	 	ߝ଴~2.7ܸ݁.	For	 a	785nm	CW	 laser	with	 intensity	of	400kW/cm2	
(which	corresponds	to	10mW	of	laser	power)	 ሶܰூ~1.6*109	photons	per	sec	per	atom.	
Using	a	free	electron	model,	the	density	of	states	per	atom,	ρ(ε),	is	~0.1eV‐1.	From	a	
COMSOL	 calculation	 of	 the	 scattering	 cross	 section	 of	 the	 nanowire,	 we	 deduce	
ܮሺ ூ݂ሻ~0.05.	Taking	a	conservative	estimate	of	߬௘ሺߝሻ~10ିଵସݏ,	we	estimate	ܫ௣~0.5݊ܣ,	
which	would	 correspond	 to	 the	photovoltage	of	 5mV	–	 a	 value	 typically	 observed	
experimentally.	 Similar	 or	 larger	 values	 of	 the	 “hot”	 electron	 photocurrent	 in	
molecular	junctions	with	plasmonic	electrodes	were	obtained	by	other	groups.26–28	
The	 hot‐carrier	 current	 is	 exponentially	 dependent	 on	 the	 position	 of	 the	
resonance	 energy	 level	 and	 the	 effective	 equilibrium	 electron	 temperature,	which	
can	 explain	 device‐to‐device	 variability	 of	 the	 PTE	 voltage.	 Excitation	 of	 the	
localized	 plasmon	 resonance	 in	 metal	 nanostructures	 can	 create	 populations	 of	
relatively	 long‐lived	high‐energy	carriers	that,	while	not	thermally	distributed,	can	
produce	effects	similar	to	an	increased	local	electronic	temperature.37,38	The	intense	
spatial	 variability	 of	 the	 nanogap	 photovoltage	 signal	 is	 consistent	 with	 the	 local	
nature	of	 the	plasmon	enhancement	 in	the	electromigrated	nanogaps.33	Formation	
of	 dark	 plasmon	 modes	 that	 lead	 to	 the	 field	 enhancement	 in	 these	 structures	
depends	 on	 the	 minute	 structural	 details	 of	 the	 surface	 of	 the	 nanogap,	 and	
excitation	 efficiency	 of	 those	 modes	 can	 depend	 sensitively	 on	 spot	 position.	
Moreover,	 the	 exact	 local	 details	 of	 the	 geometry	 can	 change	 under	 laser	
illumination,	 leading	 to	 changes	 in	 the	 local	 plasmonic	 properties	 of	 the	 nanogap	
creating	 temporal	 variability	 of	 the	 photovoltage	 in	 the	 “hot”	 spot.	 Strong	
polarization	dependence	is	also	consistent	with	a	plasmonic	origin	of	the	observed	
photovoltage.	The	 control	 experiments	 in	AuPd	and	Ni	devices,	 Figure	S7,	 S8,	 S10	
that	 do	 not	 possess	 resonant	 localized	 plasmonic	 modes	 display	 nanogap	
photovoltages	 that	 are	 considerably	 weaker,	 though	 still	 present.	 Even	 in	 the	
absence	of	plasmon	dissipation,	light	absorption	can	create	short‐lived	high‐energy	
carriers	that	can	transit	the	nanogap	and	lead	to	the	development	of	a	photovoltage,	
albeit	to	a	smaller	degree.	
A	 number	 of	 other	 physical	 processes	 could	 contribute	 to	 the	 large	
photovoltages	 in	 the	 nanogaps:	 optical	 rectification,25,39,40	 photo‐assisted	 electron	
tunneling,41	 the	plasmoelectric	effect,42	and	thermoelectric	effects	 in	adsorbates	or	
contaminants	in	the	nanogap,	Fig	S8.		In	the	SI	we	discuss	each	of	these	alternatives	
and	 the	 reasons	 why	 we	 consider	 them	 of	 lesser	 importance	 or	 irrelevant.	 The	
optical	creation	of	the	high‐energy	carriers	and	their	nonequilibrated	transport	is	a	
mechanism	 similar	 to	 that	 seen	 in	 graphene‐based	 photodetectors,	 and	 plausibly	
consistent	with	the	observed	systematics	of	the	enhanced	PTE	voltages	in	plasmonic	
nanogaps.		
In	 conclusion,	 we	 study	 photovoltage	 properties	 of	 illuminated	 plasmonic	
bowtie	devices.	 In	 the	nanowires	without	 a	nanogap,	photovoltages	 are	 small	 and	
consistent	with	photothermoelectricity	due	to	local	optical	heating	and	the	spatially	
dependent	 Seebeck	 coefficient.	 In	 nanowires	 with	 nanogaps,	 we	 observe	 greatly	
enhanced	photovoltages	under	resonant	laser	illumination.	While	detailed	modeling	
is	very	challenging,	observations	are	consistent	with	estimates	based	on	a	model	in	
which	 the	 potential	 arises	 to	 null	 tunneling	 of	 photogenerated	 hot	 carriers.	 The	
magnitude	 of	 the	 large	 nanogap	 photovoltage	 response	 and	 the	 role	 of	 plasmons	
suggested	by	the	systematics	of	 the	experimental	results	 imply	 that	there	are	new	
opportunities	 for	 plasmonic	 tunneling	 devices	 as	 photodetectors.	 Deliberate	
engineering	of	structures	to	favor	plasmonic	hot	electron	production	in	proximity	to	
tunnel	junctions,	and	the	integration	of	materials	with	larger	Seebeck	coefficients	in	
such	 devices,	would	 test	 these	 ideas	 and	 be	 new	 tools	 in	 the	 study	 of	 hot	 carrier	
generation.	Control	of	the	geometry	of	the	device	at	the	nanoscale	might	offer	new	
tools	for	controlling	both	thermoelectric	and	hot	electron	response.	
	
Methods	
	 The	 bowtie	 devices	 were	 fabricated	 using	 standard	 e‐beam	 lithography	
techniques	on	Si	wafers	with	a	200	nm	of	thermally	grown	oxide	layer.	For	sapphire	
substrates	a	6	nm	chromium	layer	was	evaporated	on	top	of	the	polymer	resist	 to	
reduce	charging	effects	during	e‐beam	writing.	Larger	Au/Ti	contact	pads	for	wire	
bonding	were	 shadow	mask	 evaporated	 prior	 to	 the	 device	 fabrication.	 A	 sample	
containing	24	devices	with	shared	ground	was	wire	bonded	to	a	larger	chip	carrier.	
The	 results	 demonstrated	 here	 were	 selected	 to	 represent	 the	 typical	 behavior.	
Experiments	were	carried	out	in	a	home‐built	Raman	microscope	set	up.34	The	total	
number	of	devices	examined	 is	185.	The	devices	were	kept	under	high	vacuum	 in	
the	closed‐cycle	optical	cryostat	(Montana	Instruments).	Laser	light	was	modulated	
using	 a	 mechanical	 chopper	 at	 287	 Hz.	 The	 PTE	 voltage	maps	 are	 acquired	with	
laser	 polarization	 perpendicular	 to	 the	 long	 dimensions	 of	 the	 nanowire	 (90°)	
unless	 specially	 noted.	 Thermal	 voltage	 was	 measured	 using	 SR560	 voltage	
amplifier	 connected	 to	 a	 lock‐in	 amplifier	 synced	 to	 a	 chopper	 frequency.	 For	
devices	 with	 a	 nanogap	 formed	 by	 electromigration,	 the	 voltage	 was	 measured	
directly	 using	 NI	 DAQ	 without	 laser	 light	 modulation.	 Unless	 specified,	
measurements	were	performed	at	 laser	power	of	10mW	measured	at	 the	 sample.	
Maps	 of	 the	 closed	 circuit	 photocurrent	 were	 measured	 using	 SR570	 current	
amplifier.		
	
Supporting	 Information	Available:	 	 2D	 COMSOL	 heat	 transfer	 model,	 additional	
experimental	 data,	 and	 discussion	 of	 other	 physical	 mechanisms	 that	 can	 create	
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1.	Estimate	of	the	total	voltage	using	a	simplified	2D	model	of	
heating	in	the	bowtie	nanostructures	
To	 generate	 nonzero	 thermoelectric	 voltage	 in	 a	 bulk	 wire	 made	 from	 a	
single	material	that	is	heated	somewhere	in	the	middle,	while	the	ends	are	kept	at	
identical	 temperatures,	 requires	 special	 circumstances.1,2	 The	 voltage	 difference	
between	the	ends	of	the	wire	(at	x	=	±	l)	in	this	scenario	is	ܸ ൌ ׬ ܵሺݔ, ܶሻ׏ܶሺݔሻ݀ݔ௟ି௟ ,	
where	 S	 is	 the	 location‐	 and	 temperature‐dependent	 Seebeck	 coefficient	 of	 the	
material	and	T	is	the	local	temperature.	On	the	nanoscale,	S	can	be	locally	modified	
by	the	change	of	the	density	of	states	as	in	atomic	scale	junctions3,4	or	electron	mean	
free	 path	 as	 in	 single	 metal	 thermocouples.5–9	 In	 the	 latter	 case,	 the	 Seebeck	
coefficient	 of	 thin	 metal	 films	 is	 width‐dependent.	 In	 bowtie	 devices,	 Figure	 1a,	
when	 the	 laser	 beam	 is	 positioned	 in	 the	 middle	 of	 the	 nanowire,	 both	 the	
temperature	 profile	 and	 the	 geometry	 of	 the	 nanostructure	 are	 symmetric	 and	
therefore	no	PTE	voltage	is	observed	(Figure	1c,d).	Where	the	nanowire	transitions	
to	the	fan‐out	electrode,	the	increasing	width	of	the	device	creates	a	small	difference	
between	the	Seebeck	coefficients	of	the	nanowire	and	the	fan‐out	electrode,	which	
generates	a	PTE	voltage	when	 the	beam	 is	positioned	 in	 this	 spot.	The	sign	of	 the	
PTE	voltage	depends	on	which	side	of	the	device	is	heated.	
A	 spatial	 distribution	 of	 the	 PTE	 voltage	 across	 the	 device	 could	 be	
reproduced	 using	 a	 simplified	 2D	 heat	 dissipation	 model	 that	 was	 implemented	
using	a	COMSOL	Multiphysics.	Heat	dissipation	was	modeled	using	a	2D	geometry	
with	 an	 out‐of‐plane	 heat	 transfer	 to	 the	 SiO2	 substrate.	 The	 left	 and	 right	
boundaries	 were	 kept	 at	 fixed	 temperature,	 292	 K,	 and	 the	 rest	 were	 set	 as	
insulating.	The	localized	heat	source	had	a	Gaussian	distribution	to	simulate	heating	
from	 the	 focused	 laser	 beam.	 Additional	 heating	 from	 the	 plasmon	 resonance	
excitation	was	added	as	the	width	dependent	heater	modulation	with	the	maximum	
contribution	 in	 the	 nanowire	 geometry	 segment.	 The	 intensity	 of	 the	 heat	 source	
was	adjusted	to	produce	a	local	temperature	increase	comparable	to	that	measured	
experimentally,	ΔT~10	K,	Figure	S1b.	Simultaneously	with	the	heat	dissipation,	the	
electric	potential	distribution	was	calculated.	The	right	boundary	of	the	device	was	
grounded	 and	 the	 rest	 electrically	 isolated.	 The	 position	 of	 the	 heat	 source	 was	
moved	along	 the	centerline	of	 the	device	 to	reproduce	scanning	of	 the	 laser	beam	
and	 the	 voltage	 at	 the	 left	 boundary	 was	 recorded,	 Figure	 S1c.	 Using	 the	 Fuchs‐
Sondheimer	electronic	specular	reflection	model	of	 the	resistivity	in	thin	films,10,11	
modified	to	accommodate	reflection	from	the	side	walls,	 the	Seebeck	coefficient	of	
the	film	could	be	written	as12–16	
௙ܵ ൌ ௚ܵ	ሾ1 െ 38
ሺ1 െ ݌ሻߣ଴
݀
௚ܷ
1 ൅ ௚ܷሿ	
where	d	is	the	 effective	 film	 thickness	 defined	 as		ଵௗ ൌ
ଵ
௪ ൅
ଵ
௧,	w	is	 the	width	 of	 the	
nanostructure	and	t	is	the	thickness	of	the	film,	ߣ଴	is	the	electron	mean	free	path	in	
gold,	p	is	the	scattering	coefficient,	 ௚ܷ ൌ డ ୪୬ 	ఒబడ ୪୬ா ቚாಷand	 ௚ܵሺܶሻ	is	the	Seebeck	coefficient	
of	 the	 infinitely	thick	film	approximated	here	by	the	bulk	value.17	We	estimate	the	
scattering	 coefficient	 p	 as	 0.1	 by	 comparison	 of	 the	 resistivity	 and	 temperature	
coefficient	of	resistance	with	the	previous	data	 for	 thin	films.15	The	value	of	 ௚ܷ	for	
thin	gold	films	is	close	to	‐0.6.15	The	above	equation	for	 ௙ܵ	is	derived	in	the	limit	of	
݀ ≫ ߣ଴,	 however	 in	 our	 case	 ݀~0.4λ0	 and	 the	 prefactor	 3/8	 should	 therefore	 be	
reduced	to	0.22.	 In	 this	model	 the	spatial	dependence	of	 the	Seebeck	coefficient	 is	
determined	by	the	dependence	of	the	electron	mean	free	path	on	the	width	of	 the	
nanostructure.	The	model	produces	a	spatial	distribution	of	thermoelectric	voltage	
that	 is	qualitatively	consistent	with	 the	one	observed	experimentally,	Figure	1b	of	
the	 main	 text.	 The	 location	 of	 the	 absolute	 maximum	 (minimum)	 of	 the	
thermoelectric	voltage	is	determined	by	the	position	of	the	largest	ΔS	(for	our	S(w,T)	
model	it	is	located	close	to	the	nanowire	ends	as	݀ܵ~ ௗ௪௪మ)	and	the	location	of	the	ΔT	
maximum	inferred	from	the	heat	dissipation	calculation.	A	notable	difference	with	
the	 experimental	 data	 is	 that	 in	 the	 calculation	 the	 voltage	 minimum	 is	 located	
farther	 from	 to	 the	 nanowire	 end.	 This	 discrepancy	 is	 most	 likely	 due	 to	 the	
simplified	nature	of	the	model.	
When	comparing	PTE	maps	for	unbroken	devices	fabricated	from	Au,	AuPd	
alloy,	and	Ni	we	see	that	magnitude	of	the	PTE	voltage	generally	follows	the	Seebeck	
coefficient	 of	 the	 metal	 used	 in	 the	 experiment.	 Close	 to	 room	 temperature	 the	
60/40	 AuPd	 alloy18	 has	 the	 largest	 Seebeck	 coefficient,	 SAuPd	~	 ‐35	 μV/K,	 and	 the	
largest	signal	~	100	μV/mW,	Figure	S7e.	This	is	followed	by	Ni	devices	with	SNi	~	‐
20	μV/K	 and	 intermediate	 PTE	 voltage	 of	 ~	 50	 μV/mW,	 Figure	 S8a.	 Au	 devices	
without	Ti	 adhesion	 layer	have	 the	 smallest	PTE	voltage	of	~2‐5	μV/mW	and	 the	
smallest	 SAu	~	‐1.5	μV/K.	 We	 note	 that	 AuPd	 devices	 fabricated	 with	 Ti	 adhesion	
layer	had	anomalously	small	value	of	the	PTE	voltage,	which	is	most	likely	the	result	
of	the	alloying	of	AuPd	with	Ti	metal.	
	
	
Figure	 S1	 Qualitative	 estimate	 of	 the	 total	 voltage	 measured	 in	 the	 experiment	
using	 a	 simplified	 2D	 heating	 model	 with	 an	 artificial	 heater.	 (a)	 Surface	
temperature	map	of	 the	 temperature	 increase	 for	 the	heater	offset	by	 ‐8	μm	 from	
the	center	of	the	device.	The	heater	power	was	adjusted	to	produce	ΔT	~	10	K.	The	
heater	has	a	modified	Gaussian	spatial	distribution	to	imitate	localized	heating	from	
the	focused	laser	beam	and	plasmon	excitation.	(b)	Temperature	profiles	along	the	
centerline	of	the	device	for	different	heater	offsets.	(c)	Thermally	generated	voltage	
across	the	device	as	the	function	of	the	heater	offset	 from	the	center	of	 the	device	
calculated	using	a	spatially	dependent	Seebeck	coefficient.	
	
	
	
	
	
2.	Additional	experimental	data	for	devices	with	unbroken	
nanowires	
	
	
Figure	S2.	 Laser	power	dependence	of	PTE	voltage	deviates	 from	 linearity	at	 low	
temperatures.	The	non‐linearity	is	a	result	of	the	combination	of	the	non‐linear	laser	
intensity	 dependence	 of	 temperature	 increase	 of	 the	 nanostructure	 at	 low	
temperatures19	 and	 non‐linear	 temperature	 dependence	 of	 Seebeck	 coefficient	 in	
the	5	K	to	150	K.	Data	acquired	at	substrate	temperature	of	5	K.	
	
	
	
Figure	S3.	 PTE	voltage	maps	 for	Au/Ti	devices	 fabricated	on	 sapphire	 substrates.	
Data	 acquired	 at	 substrate	 temperature	 of	 5	K	 and	 laser	 power	 of	 10	mW	on	 the	
sample.	These	experimental	parameters	correspond	to	ΔT~45	K	in	the	center	of	the	
nanowire.		
	
	
Figure	S4.	SEM	image	of	 the	device	demonstrated	in	the	Figure	2	of	the	main	text	
after	the	formation	of	the	nanogap	by	electromigration	at	room	temperature.		
	
	
	
3.	Additional	experimental	data	for	devices	with	nanogaps	formed	
by	electromigration	
	
	
Figure	S5.	Additional	examples	of	the	enhancement	of	the	photovoltage	map	after	
the	 formation	 of	 the	 nanogap.	 Au	 devices	 with	 Ti	 adhesion	 layer:	 (a)	 Device	
resistance	is	0.8	MOhm,	substrate	temperature	is	5.2	K.	Laser	power	on	the	sample	
is	 8	 mW;	 (b)	 Device	 resistance	 is	 110	kOhm,	 substrate	 temperature	 is	 5.2	 K.	 Au	
devices	 without	 Ti	 adhesion	 layer:	 (c)	 Device	 resistance	 is	 0.9	 MOhm,	 substrate	
temperature	 is	5.2	K.	 (d)	Device	 resistance	 is	0.8	MOhm,	 substrate	 temperature	 is	
293	K.	Units	in	all	panels	are	in	μV	per	mW	of	laser	power	on	the	sample.	Scale	bars	
are	1	μm.	
	
	
	 	
Figure	S6.	Additional	examples	of	the	enhancement	of	 the	photovoltage	map	after	
the	 formation	 of	 the	 nanogap	 during	 the	 Au	 device	 electromigration	 at	 room	
temperature.	 (a)	Device	 fabricated	with	Ti	adhesion	 layer,	 initial	PTE	voltage	map.	
(b)	After	 the	nanogap	 formation.	Total	 device	 resistance	 is	 0.13	GOhm.	 (c)	Device	
fabricated	without	Ti	adhesion	layer,	initial	PTE	voltage	map.		(d)	After	the	nanogap	
formation,	 resistance	 is	 13	 GOhm.	 Units	 in	 all	 panels	 are	 in	 μV	 per	 mW	 of	 laser	
power	on	the	sample.	Scale	bars	are	1	μm.	
	
	
	
		
	
Figure	S7.	Evolution	of	the	PTE	voltage	maps	for	AuPd	devices	fabricated	with	(top	
row)	and	without	(bottom	row)	Ti	adhesion	layer	as	the	devices	are	electromigrated	
to	 form	 a	 nanogap.	 (a)	 Initial	 distribution	 of	 PTE	 voltage	 for	 an	 unbroken	 device	
measured	 at	 room	 temperature.	 (b)	The	 same	 after	 the	 formation	 of	 the	 nanogap	
with	 20	 MOhm	 resistance.	 (c)	 The	 same	 device	 after	 cooling	 down	 to	 the	 base	
temperature	 of	 5	 K.	 Resistance	 of	 the	 nanogap	 is	 increased	 to	 0.6	GOhm.	 (d)	
Polarization	 dependence	 of	 the	 magnitude	 of	 the	 PTE	 voltage	 recorded	 at	 the	
minimum	point	from	the	previous	panel.	(e)	Initial	PTE	voltage	map	for	AuPd	device	
without	Ti	adhesion	layer.	Initial	resistance	is	100	Ohm.	The	increased	magnitude	of	
the	signal	relative	to	Au	devices	is	due	to	a	larger	Seebeck	coefficient	of	AuPd	alloy.	
The	experiment	is	performed	at	base	temperature	of	5	K	to	enhance	the	stability	of	
the	 device	 at	 intermediate	 resistance	 values.	 (f)	 Nanoscale	 constriction	 is	 formed	
with	 resistance	 of	 0.7	 kOhm.	 (g)	 Resistance	 is	 increased	 to	 5.6	 kOhm.	 (h)	
Photovoltage	map	 after	 the	 nanogap	 formation	 with	 resistance	 of	 36	 kOhm.	 This	
device	 was	 further	 electromigrated	 to	 36	 MOhm	 and	 displayed	 enhanced	
photovoltage	with	~1000	μV	per	mW	of	laser	power	on	the	sample	(these	units	are	
used	for	all	panels	except	 for	(e)	 in	which	the	units	are	changed	to	mV	per	mW	of	
laser	power).	
	
	
Figure	S8.	Evolution	of	the	photovoltage	maps	for	Ni	devices	fabricated	without	a	Ti	
adhesion	 layer	 as	 the	 devices	 are	 electromigrated	 to	 form	a	 nanogap	 at	 substrate	
temperature	of	5	K.	Device	resistance	is	progressively	increased:	190	Ohm	(a),	744	
Ohm	(b),	2.9	kOhm	(c),	48	kOhm	(d).	Units	 in	all	panels	are	in	μV	per	mW	of	laser	
power	on	the	sample.	
	
	
Figure	S9.	Raman	spectra	of	the	adsorbed	contaminants	acquired	after	the	nanogap	
formation.	 (a)	 Spectrum	 acquired	 during	 the	 photovoltage	map	measurement	 for	
the	device	demonstrated	in	Figure	3e	of	the	main	text.	(b)	The	same	as	in	(a),	but	for	
Figure	 S5a.	 Red	 line	 demonstrates	 the	 Raman	 background	 increase	 after	 the	
nanogap	formation.	Lines	that	correspond	to	silicon	substrate	are	labeled	as	Si.	
	
	
	
	
Figure	S10.	Compilation	of	the	photovoltages	for	different	devices	acquired	at	laser	
intensity	 of	 10mW	 as	 a	 function	 of	 the	 device	 resistance	 after	 the	 nanoscale	
constriction	 is	 formed	 by	 electromigration.	 Legend:	 filled	 (empty)	 markers	
correspond	to	the	maximums	(minimums)	in	the	photovoltage	map	for	a	particular	
device;	Au/Ti	(Au)	denotes	gold	devices	with	(without)	Ti	adhesion	layer;	AuPd/Ti	
(AuPd)	 denotes	 devices	 with	 (without)	 Ti	 adhesion	 layer;	 Ni	 denotes	 devices	
fabricated	 from	Ni	without	Ti	 adhesion	 layer;	 5K	 and	293K	denotes	 the	 substrate	
temperature	 at	 which	 the	 photovoltage	 maps	 were	 acquired.	 Data	 displays	 the	
overall	trend	for	the	larger	photovoltages	as	the	device	resistance	is	increased	with	
the	 slope	 of	 ~1nA	 until	 the	 resistance	 reaches	 R~107Ω,	 after	 which	 the	 average	
photovoltage	is	~10mV.		
	
	
	
	
	 	
4.	Discussion	of	the	possible	mechanisms	that	can	contribute	to	the	
generation	of	the	photovoltages	in	plasmonic	nanogaps	
	
There	 are	 several	 possible	 physical	 mechanisms	 that	 can	 contribute	 to	
generation	 of	 the	 enhanced	 photovoltages	 in	 nanowires	 with	 atomic‐scale	
constrictions	 and	 plasmonic	 nanogaps.	 	 Conventional	 Seebeck	 physics	 of	 the	
electrode	 material	 seems	 to	 be	 ruled	 out	 by	 the	 magnitude	 of	 the	 observed	
photovoltage.	 	 In	 experiments	 on	 atomic	 scale	 junctions	 and	 point	 contacts	 with	
bulk	 heaters,	 the	 thermoelectric	 power	 of	 the	 nanoscale	 constriction	 was	
demonstrated	to	be	reduced	relative	to	the	bulk	metal	and	dominated	by	the	energy	
dependent	 transmittance	 of	 the	 atomic‐scale	 contact.3,20,21	 The	 Seebeck	 coefficient	
for	 tunneling	 nanogaps	 remains	 small	 ~10	 μV/K	 and	 weakly	 dependent	 to	 the	
junction	parameters.13	This	suggests	that	the	enhanced	photovoltage	as	the	device	is	
electromigrated	to	form	a	constriction,	but	prior	to	nanogap	formation,	is	due	to	the	
change	in	the	local	temperature	as	the	thermal	transport	between	two	sides	of	the	
nanostructure	 is	 reduced.	 After	 the	 nanogap	 formation	 a	 number	 of	 additional	
photophysical	processes	can	contribute	to	the	photovoltage.	
Optical	 rectification	 in	 plasmonically	 active	 nanogaps	 can	 generate	 dc	
photocurrents	in	devices	shorted	by	low	resistances.22–24	Rectification	requires	non‐
linearity	of	the	underlying	I‐V	curve,	and	under	illumination	can	produce	a	zero‐bias	
short‐circuit	current	proportional	to	d2I/dV2	at	V	=	0.	Under	nominally	open‐circuit	
conditions,	 this	would	 be	 expected	 to	 produce	 a	 photovoltage	proportional	 to	 the	
rectification	current	and	nanogap	resistance.	The	capacitance	of	the	electrodes	and	
the	 relative	 rate	 of	 dc	 charge	 pumping	 and	 charge	 relaxation	 will	 determine	 the	
steady	 state	 photovoltage.	 The	 sign	 of	 the	 open‐circuit	 photovoltage	 produced	 by	
charge	pumping	from	optical	rectification	should	not	depend	on	the	position	of	the	
beam	spot,	unlike	what	we	observe,	and	there	 is	no	correlation	between	observed	
photovoltage	and	d2I/dV2	measured	in	these	junctions.	We	therefore	do	not	believe	
the	optical	rectification	to	be	the	dominant	mechanism	that	produces	enhanced	PTE	
voltages.		
A	 transient	 electrical	 current	 across	 the	 nanogap	 created	 by	 the	 plasmon	
enhanced	photon‐assisted	tunneling	can	produce	transient	voltages.25	This	transient	
voltage	across	the	gap	could	create	an	artifact	signal	in	the	lock‐in	synchronized	at	
the	same	frequency	as	the	chopping	of	the	incident	radiation.	The	magnitude	of	the	
photovoltage	generated	by	this	mechanism	is	smaller	than	expected	from	tunneling	
of	high‐energy	carriers.26	We	also	dismiss	a	possible	contribution	from	the	recently	
demonstrated	 plasmoelectric27	 	 mechanism	 for	 photovoltage	 production	 in	
plasmonic	 nanostructures,	 because	 such	 a	 response	 should	 not	 require	
interelectrode	tunneling	conduction,	and	we	do	not	observe	such	a	photovoltage	in	
nanostructures	that	were	specially	designed	to	enhance	this	effect.		
Another	 possible	 source	 of	 enhanced	 PTE	 response	 could	 be	 the	 Seebeck	
coefficient	 of	 adsorbates	 or	 contaminants	 in	 the	 nanogap.	 As	 seen	 in	 previous	
studies,	 after	 nanogap	 formation	 the	 transverse	 dipolar	 mode	 in	 the	 nanowire	
strongly	 couples	 to	 “dark”	 multipolar	 plasmon	 modes	 that	 emerge	 from	 the	
asymmetries	 in	 the	 local	 geometry	 of	 the	 nanogap,	 resulting	 in	 a	 local	 field	
enhancement	sufficient	for	SERS.28	In	addition	to	the	PTE	voltage	measurement,	we	
record	 Raman	 spectra	 at	 each	 point	 of	 the	 scan	 to	 locate	 the	 position	 of	 the	
nanowire	 and	 to	 assess	 the	 presence	 of	 the	 adsorbate	molecules	 in	 the	 nanogap	
after	electromigration.	All	devices	displayed	measurable	Raman	spectra	in	the	1100‐
1600	 cm‐1	spectral	 region	 after	 the	 nanogap	 formation.	 The	 intensity	 and	 specific	
peaks	positions	vary	between	devices	and	are	not	correlated	to	the	magnitude	of	the	
enhanced	PTE	voltage,	Figure S9.	These	molecular	adsorbates	and	TiOx	that	can	be	
potentially	 present	 in	 the	 nanogap	 for	 the	 devices	 with	 Ti	 adhesion	 layer	 could	
contribute	 to	 the	 residual	 conductance	 after	 nanogap	 formation,	 and	 to	 the	
observed	PTE	voltage.	In	a	composite	nanostructure	of	graphene	overlaid	with	the	
plasmonic	nanogap	bowtie	antenna,	no	photovoltage	was	observed	if	the	graphene	
layer	 was	 absent.24	 In	 our	 experiments	 the	 enhanced	 photovoltage	 is	 typically	
accompanied	by	SERS,	which	we	attribute	to	the	adsorbed	organic	molecules	and	is	
most	consistent	with	Raman	spectra	of	hydrogenated	amorphous	carbon.29	Using	an	
exaggerated	 (and	 therefore	 conservative)	 estimate	 of	 Seebeck	 coefficient	 of	~100	
μV/K	 for	 this	 unknown	 organic	 material	 and	 a	 temperature	 increase	 of	 ~	 10	 K	
across	 the	 nanogap	 for	 a	 room	 temperature	 experiment	 we	 arrive	 at	 maximum	
contribution	of	~1‐2mV,	which	is	at	least	a	factor	of	10	lower	than	the	photovoltage	
routinely	observed	in	devices	with	plasmonic	nanogaps.30,31	Moreover,	contaminant	
Seebeck	 response	 alone	would	 not	 explain	 the	 extreme	 spatial	 localization	 of	 the	
large	photovoltages.	We	 therefore	 conclude	 that	 direct	 Seebeck	 contribution	 from	
organic	 contamination	 is	 unlikely	 to	 be	 the	 major	 mechanism	 at	 work.	 As	 we	
observe	enhanced	photovoltages	 in	nanostructures	 fabricated	without	Ti	adhesion	
layer,	we	also	exclude	the	possible	contribution	from	thermoelectric	effects	in	non‐
stoichiometric	 TiOx	 despite	 the	 reports	 of	 very	 large,	 composition‐dependent	
Seebeck	coefficient.32,33	
To	 elucidate	 the	 role	 of	 plasmons	 in	 the	 large	 photovoltage	 response,	 we	
fabricated	devices	of	the	same	geometry,	but	from	films	of	AuPd	alloy	and	Ni.	Taking	
into	 account	 the	 larger	 values	 of	 the	 Seebeck	 coefficient	 in	 AuPd	 and	 Ni,	 the	
unbroken	devices	display	similar	behavior	as	the	Au	devices,	Figure	S7,	S8.	After	the	
formation	of	 the	nanogap,	 the	 photovoltage	 is	 also	 enhanced,	 however	 to	 a	 lesser	
degree	 than	 in	 the	 plasmonic	 Au	 devices.	 For	 the	 Ni	 devices	 the	 maximum	
photovoltage	enhancement	from	unmigrated	constriction	to	nanogap	is	~10×.	AuPd	
devices	 display	 a	 larger	 variability	 in	 enhancement	 factors	 ranging	 from	~4×	 for	
devices	 without	 Ti	 adhesion	 layer,	 to	 ~300×	 for	 devices	 with	 Ti	 adhesion	 layer.	
These	control	experiments	suggest	that	the	effect	from	the	plasmon	excitation	in	Au	
nanogap	 devices	 affects	 the	 photovoltage	 beyond	 simple	 enhanced	 steady‐state	
heating.	
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